Introduction
The organ of Corti contains inner and outer hair cells that are arranged into four or five ordered rows, depending on species, which extend along the length of the cochlear spiral [1] . In addition, the organ also contains several types of supporting cells, including inner phalangeal cells, border cells, pillar cells, Deiter's cells, Hensen's cells and Claudius' cells that surround the hair cells to form a highly stereotyped and invariant cellular pattern ( Fig. 1 ). Previous results have demonstrated that both hair cells and supporting cells are required for normal auditory function [2, 3] . Although a similar requirement for cellular patterning has not been directly demonstrated, the conservation of this pattern in all known therian mammals strongly suggests that it plays a crucial role in cochlear function.
All of the cells that will ultimately develop as hair cells or supporting cells within the organ of Corti are derived from progenitor cells initially located in the otocysts, placodally-derived invaginations that form adjacent to the developing hindbrain [4, 5] . Once formed, intrinsic and extrinsic factors act to direct cells within the otocysts to one of three primary fates, neuroblasts that will delaminate from the otocysts to form the neurons of the statoacoustic (VIII cranial) ganglion; prosensory cells that will go on to form the sensory regions of the auditory and vestibular systems; and nonsensory cells that comprise the remaining epithelial regions of the inner ear (Fig. 2) . Within the prosensory lineage, individual cells will subsequently become specified as either hair cells or supporting cells. The factors that direct cells along each of these lineages remain poorly understood, however, recent results have identified new signaling pathways that are important for specific aspects of lineage restriction or cell fate specification.
Hedgehog signaling inhibits prosensory development
The hedgehog-signaling pathway is a highly conserved signaling pathway that has been shown to regulate diverse aspects of animal development and disease [6] . Previous results had demonstrated that hedgehog signaling at the stage of early otocyst development is required for formation of ventral structures within the inner ear, including the entire cochlear duct [7] . However, the absence of the cochlea in hedgehog mutants precluded an examination of its role in sensory development. Recently, cochlear patterning was examined in a mouse model (Gli3 D699 ) for Pallister-Hall syndrome, a disorder that arises through truncating mutations in GLI3, a downstream mediator of hedgehog signaling [8] . Because of partial functional redundancy with another hedgehog effector, GLI2/Gli2, truncating mutations in GLI3/Gli3 result in an incomplete loss of hedgehog function. Gli3 D699/D699 mice survive until birth, and analysis of these mice indicated the presence of shortened cochleae, expanded sensory regions and ectopic sensory patches in Kö lliker's organ, a region of nonsensory otocyst-derived cells located adjacent to the organ of Corti and comprising the lateral half of the cochlear duct at embryonic time points ( Fig. 1) [9 ] . The truncated Gli3 protein is thought to act as a repressor of hedgehog signaling, so the expansion of sensory cells within the cochlea suggested that hedgehog signaling normally acts to restrict the size of the prosensory domain. This hypothesis was supported by in-vitro experiments that demonstrated that increased activation of the hedgehog pathway acts to inhibit sensory formation whereas inhibition of hedgehog signaling mimics the phenotype seen in Gli3 D699/D699 mice. Finally, audiologic assessment of a limited number of Pallister-Hall patients indicated variable hearing loss across multiple frequencies.
382 Hearing science These results suggest that activation of the hedgehog pathway regulates the size and position of the organ of Corti by inhibiting nonsensory cells within the cochlear duct from developing as prosensory cells (Fig. 2) . Activation of hedgehog signaling is dependent on the presence of one or more of the known hedgehog ligands, sonic hedghehog (Shh), desert hedgehog (Dhh) or Indian hedgehog (Ihh). An initial screen for expression of these ligands in the cochlea indicated that the developing spiral ganglion neurons strongly express Shh during the period of cochlear development. Because the ganglion is located adjacent to the lateral half of the cochlear duct, this result is consistent with a higher concentration of Shh in Kolliker's organ where it could act to prevent sensory formation.
SRY-box containing gene 2 regulates multiple events in cochlear development
As discussed, cells within the otocyst are initially specified along one of three primary lineages. Previous results had demonstrated that the high mobility group (HMG) Regulation of cell fate and patterning in mammalian cochlea Kelley et al. 383
Figure 2 Lineage relationships of cells originating in the otocyst
Cells within the otocyst have three broad fates, prosensory cell, nonsensory cell, or neuroblast. As discussed in the text, Sox2 actually plays a role in the specification of both the prosensory and neuroblast lineages. Prosensory cells then make a secondary choice between hair cell and supporting cell fates, with activation of Fgfr1 by Fgf20 positively influencing the hair cell fate, leading to activation of Atoh1. In contrast, Sox2 acts as an inhibitor of the hair cell fate at this decision point, probably at least in some cells through activation of Prox1. For the particular case of pillar cells, developing inner hair cells express Fgf8 which activates Fgfr3 in adjacent progenitors, leading to an inhibition of the hair cell fate and an induction of the pillar cell fate in those cells. Finally, the hedgehog-signaling pathway acts to prevent at least some non-sensory cells from spontaneously switching into the prosensory lineage.
box transcription factor SRY-box containing gene 2 (Sox2) is required for the formation of the prosensory lineage [10, 11] . However, subsequent studies demonstrated that Sox2 expression is not limited to the period of prosensory formation. Instead, Sox2 is maintained in cells within the developing organ of Corti through at least the early postnatal period, although it is downregulated in developing hair cells [12, 13, 14 ] . This pattern of expression suggested that following a role in formation of prosensory cells, Sox2 might act to inhibit hair cell development. This hypothesis was supported by the demonstration that cochleae from mice that only expressed 20% of the normal level of Sox2 actually contained an increased number of hair cells [14 ] . Concomitant in-vitro studies demonstrated that Sox2 can induce prosensory formation in nonsensory cells but actually inhibits hair cell formation when expressed in cells that have already been specified as prosensory cells. Finally, prospero-related homeobox 1 (Prox1), a homeobox-containing transcription factor that was known to be expressed in a subset of Sox2-positive cells within the developing organ of Corti [15] , was shown to be a Sox2 target [14 ] . Forced expression of Prox1 in prosensory cells also acts to inhibit hair cell development, suggesting that Prox1 may be a major effecter of the inhibitory role of Sox2 on hair cell formation (Fig. 2 ) [14 ,16] .
Fibroblast growth factor signaling is required for formation of the organ of Corti
In contrast with hedgehog signaling, the fibroblast growth factor signaling pathway has recently been shown to positively influence the formation of the organ of Corti. Previous studies had demonstrated a crucial role for fibroblast growth factor receptor 1 (Fgfr1) in the formation of the sensory epithelium; however, the specific ligand responsible for receptor activation had not been determined [17] . A recent study demonstrated that Fgf20 is specifically expressed in the developing organ of Corti in a pattern that partially overlaps with Fgfr1 [18 ] . Inhibition of FGF20 in vitro using a function-blocking antibody recapitulates the phenotype of Fgfr1 mutants (Fig. 1) . Although definitive proof awaits the generation of an Fgf20 mutant mouse, the results strongly suggest that Fgf20 acts through Fgfr1 to induce formation of the organ of Corti.
Atonal homolog 1 induces functional hair cells in vivo
The basic helix-loop-helix transcription factor atonal homolog 1 (Atoh1) is expressed in developing hair cells and was shown to be required for hair cell formation in Atoh1 mutant mice [19, 20] . In addition, both in-vivo and in-vitro approaches have demonstrated that forced expression of Atoh1 is sufficient to induce cells that are morphologically consistent with hair cells and express many hair cell-specific markers (Fig. 2) [21] [22] [23] [24] [25] . However, a definitive test of these cells using electrophysiological techniques had not been completed.
This issue was addressed in an elegant study from the laboratories of John Brigande and Tony Ricci in which a new in-utero electroporation technique was used to transfect otocyst cells with an Atoh1 expression vector at E11 [26 ] . Following electroporation, the embryos were allowed to develop through birth and up to postnatal day 4-6, at which point cochleae were removed and Atoh1-transfected cells were identified based on coexpression of the marker green fluorescent protein. The mechanotransduction responses and basolateral currents in these cells were then determined by patch clamping. Results indicated very similar electrophysiological profiles for Atoh1-transfected and nontransfected hair cells. These results strongly suggest that expression of Atoh1 is sufficient to induce the formation of a functional hair cell. However, it is important to consider that because of structural instability in transfected hair cells located in nonsensory regions of the cochlea, only hair cells located in or directly adjacent to the sensory epithelium could be analyzed electrophysiologically. The total number of hair cells within the organ of Corti was significantly increased in Atoh1-transfected cochleae, suggesting that at least some of the transfected cells arose from cells that would not have normally developed as hair cells, but because it is impossible to determine which transfected cells would have developed as hair cells even in the absence of exogenous Atoh1 transfection, there remains a small chance that the cells selected for electrophysiological characterization represent cells that were already specified to develop as hair cells. One way to directly address this question would be to transfect Atoh1 into Atoh1 mutant mice. Previous results have demonstrated that Atoh1-transfection is sufficient to induce hair cells in Atoh1 mutants [23] , so this approach would ensure that every hair cell arose as a result of transfection.
Pillar cell development is regulated through fibroblast growth factor receptor 3 and hairy/ enhancer-of-split related with YRPW motif 2
The inner and outer hair cell regions of the organ of Corti are separated by the tunnel of Corti, a structure that is only found in mammalian sensory epithelia. The tunnel is formed by single rows of inner and outer pillar cells that extend along the length of the cochlear spiral. Although pillar cells clearly fit the broad definition for a supporting cell, their unique morphology and position within the organ of Corti suggests that unique signaling pathways may mediate their development. Previous results have demonstrated that most of the cells within the prosensory population will develop as hair cells if components of the notch signaling pathway are disrupted [27] [28] [29] . However, pillar cells are still present in all known notch-pathway mutants, suggesting that other pathways may regulate the formation of this cell type. A recent study has demonstrated that developing pillar cells express the notchtarget hairy/enhancer-of-split related with YRPW motif 2 (Hey2) [30 ,31,32] but that expression of Hey2 is not dependent on notch signaling. If Hey2 is deleted in conjunction with inhibition of notch signaling, then pillar cells will develop as hair cells, suggesting that Hey2 expression is important for maintaining pillar cells but that Hey2 is not regulated through the notch pathway. This study also showed that expression of Hey2 depends instead on activation of the Fgf signaling pathway [30 ] .
This result is in agreement with independent studies that demonstrated that fibroblast growth factor receptor 3 (Fgfr3) turns on in the cells that will develop as pillar cells [33] [34] [35] [36] . Animals with targeted deletions of Fgfr3 have defects in pillar cell development and many pillar cells actually change fates to develop as extra outer hair cells [37] [38] [39] . Finally, both animals and humans with FGFR3/Fgfr3 mutations have hearing deficits [37, 38, [40] [41] [42] [43] [44] . Although expression of Hey2 has not been examined in these animals, the results strongly suggest that Hey2 is a direct target of Fgfr3 in the organ of Corti [30 ] . The results are also consistent with the hypothesis that pillar cells represent a highly specialized type of supporting cells and that unique signaling interactions are required for their development (Fig. 1 ).
Sine oculis binding protein 1 regulates cellular pattern in the organ of Corti
One of the most striking aspects of the organ of Corti is the asymmetry in cellular patterning. Moving from its medial to lateral edge, the organ of Corti contains a single row of inner hair cells followed by two rows of pillar cells, then by three or four of outer hair cells and Deiter's cells and finally one or two rows of Hensen's and Claudius' cells. The factors that specify this pattern are unknown, with the exception that disruption of Fgfr1-signaling leads to small patches of loosely organized hair cells, but this is more likely the result of a defect in cell specification rather than patterning. However, a recent study has demonstrated the presence of mirror-image duplications of the organ of Corti in Jackson circler mice as a result of a spontaneous point mutation in sine oculisbinding protein (Sobp; also called Jxc1) (Fig. 1) [45] . Sobp is a vertebrate homolog of the Drosophila sine oculisbinding protein and encodes a nuclear zinc-finger protein. Although the cochlear phenotype in these animals is variable, in extreme cases the organ of Corti contains single rows of inner hair cells at both its medial and lateral boundaries with a tunnel of Corti located on the inner edge of each inner hair cell row. In the center there are as many as six rows of outer hair cells. These results suggest that Sobp regulates cell fate and overall patterning of the organ of Corti. However, it remains to be seen whether Sobp acts as a transcriptional activator to specifically regulate these processes. Sobp is broadly expressed within the cochlear duct, providing limited clues as to its specific role. However, the presence of mirror-image duplications of the sensory epithelium is, to date, unique to Sobp mutants, and provides the first clue to the factors that determine asymmetric patterning within the cochlear duct.
Myosin II regulates cochlear outgrowth and the alignment of hair cells
As discussed, the cochlear duct develops as an extension from the ventral region of the otocyst that lengthens and coils to form the mature spiral. At the same time, cells within the duct become aligned into highly ordered rows of hair cells and supporting cells. Previous analyses of mutant mice with shortened cochleae have identified patterning defects in the sensory epithelia of these animals, suggesting a link between outgrowth and cellular patterning [46] [47] [48] 49 ] . In many cases, the mutated genes leading to these types of patterning defects were members of the planar cell polarity (PCP) pathway, a highly conserved signaling pathway that regulates diverse biological processes, including orientation of hair on the fly wing, development of the neural tube and the orientation of hair cell stereociliary bundles [50] [51] [52] . In addition, the PCP pathway is also known to regulate directed cellular movements, such as cellular migrations related to the simultaneous narrowing and lengthening of an embryo or epithelial sheet, a process referred to as convergence and extension [53] [54] [55] . These results suggested that convergence and extension probably also plays a role in cochlear elongation [46, 56, 57] , however, the specific motor proteins that regulate the necessary changes in cell shape and position were unknown.
Studies examining the extension of the germ band in
Drosophila embryos had identified zipper, the Drosophila homolog of mammalian nonmuscle myosin II heavy chain (MYH/Myh) genes, as a key regulatory factor [58] . In addition, mutations in two of the three mammalian myosin II genes, MYH9 and MYH14, lead to syndromic and nonsyndromic hearing loss in humans [59] [60] [61] [62] .
Based on these results, Yamamoto et al. [63 ] examined the expression of MYH9, MYH10 and MYH14 in the developing mouse cochlea and used both in-vivo and invitro approaches to determine the effects of inactivation of myosin II. Results indicated strong expression of MYH10 and MYH14 within the developing organ of Corti and in particular in developing pillar cells. In addition, inhibition of myosin II either in vivo or in vitro resulted in shortened cochleae and patterning defects within the organ of Corti (Fig. 1) . In particular, the organ of Corti was shortened and cells failed to become aligned into ordered rows. A definitive link between myosin II and the PCP pathway was not established but the results are consistent with a role for PCP in regulating the orientation or activity of myosin II. The results also demonstrate that outgrowth of the cochlear duct and the generation of cellular pattern within the organ of Corti occur as coordinated processes with a high likelihood of mutual dependence. Future experiments will hopefully elucidate the nature of the interactions between the PCP pathway and myosin II as well as the specific cellular movements that lead to cellular patterning within the organ of Corti.
Conclusion
The organ of Corti is a remarkable example of cellular patterning and morphology. At least two types of hair cells and six types of supporting cells are arranged into a highly ordered pattern of regular rows that extends along the length of the cochlear spiral. The normal formation of this structure is required for auditory function and progressive loss of either hair cells or supporting cells leads to hearing impairment. Although the factors that regulate the diverse signaling interactions that must occur during the development of the organ of Corti remain largely unknown, recent results have provided exciting new insights into at least some of these interactions.
The organ of Corti develops from a limited population of prosensory cells that are restricted to a specific region of the developing cochlear duct. Hedgehog signaling appears to play a role in inhibiting inappropriate prosensory formation, ensuring that sensory cells do not develop in other regions of the cochlea, whereas Fgf signaling acts to positively induce sensory formation. Once a prosensory region is established, Sox2 and Prox1, in conjunction with notch signaling, regulate the number of cells within the organ of Corti that will develop as hair cells. At the same time, signaling interactions regulated through Fgfr3 and Hey2 act to control the development of the pillar cells.
